In order to improve our understanding of the marine slope instability of hydratebearing sediments in the offshore southwestern Taiwan, P-and S-waves seismic data generated by P-S conversion on reflection from airgun shots recorded from a multicomponent Ocean Bottom Seismometer (OBS) survey were used to construct twodimensional velocity model. The investigated profile lies above a structural high of the Yuan-An ridge, proposed as a high priority drilling site for gas hydrate investigations off southwest Taiwan. The locations of the OBSs were determined with high accuracy by an inversion based on the shot traveltimes. Traveltime inversion and forward modeling of seismic data result in general trends P-and S-wave velocities of sediments. Generally, P-and S-wave velocities are high beneath topographic ridges which might represent a series of thrust-cored anticlines develop in the accretionary wedge. P-wave velocities of the sea floor are about ~1.58 km s -1 , increasing to the bottom simulating reflectors (BSR), reaching values of about ~2 km s -1 . Below it, a low velocity layer (1.62 -1.74 km s -1 ) is observed, which indicates the presence free gas in the sedimentary layer. S-wave velocities of the sediments over the entire section range from 0.3 to ~0.6 km s -1 . Significant lateral velocity variations were found beneath the eastern flank of the Yuan-An ridge, probably represents thrust faults that extend from seafloor to hydrate-bearing layer. We suggest that the BSR has been disturbed by the thrust faults and further rupture of the fault could potentially trigger failures in the study area. 
InTROduCTIOn
Convergent margins are responsible for the most destructive of earth's plate tectonic processes. Earthquakes and tsunamis in the collision/subduction zone are responsible for human deaths and huge economic losses per year. Earthquakes are a major trigger of submarine landslides that they can cause rapid accelerations, stress the sediment, and tectonic loading to create excess fluid pressuring (Hampton et al. 1996; Hsu et al. 2008 ). In the offshore region, slope instability is enhanced in subduction zones where faulting and large magnitude earthquakes associated with plate subduction may promote slope failure (e.g., Li and Clark 1991) . On the other hand, submarine landslides should be extensive geomorphic evidence of erosion on a convergent margin that induces giant earthquakes (Hampton et al. 1996; McAdoo et al. 2000 . For example, a tsunami generated by a submarine landslide devastated coastal regions of Papua New Guinea after the 17 July 1998, magnitude 7 Sissano earthquake had been reported (Tappin et al. 2001) . proposed that the Cascadia seafloor has a very delicate bathymetry, with well-preserved landslides and covered slopes, with a potential to generate M~9 earthquake. Although the instability of submarine slopes may vary significantly with the extent of the slope and the complexity of the bathymetry (Sultan et al. 2001) , increased attention has been paid to submarine slope instability for the offshore, southwestern Taiwan. The accretionary prism offshore of southwestern Taiwan is tectonically very active Lacombe et al. 2001; Liu et al. 2004 ), moderate convergent rates (~4 cm yr -1 ) (Ching et al. 2007 ), and has received large amounts of sediments from the Taiwan mountain belt (Covey 1984; Milliman and Kao 2005; Lin et al. 2008) . The high deformation intensity in southwestern Taiwan (Chang et al. 2003 ) is analog to the Cascadia subduction zone.
In order to increase our understanding on the risk of marine slope instability of the accretionary prism offshore southwestern Taiwan, we must use all tools at our disposal. Wide-angle seismic reflection has proven a useful geophysical tool to investigate landslides (e.g., Brooke 1973; Bogoslovsky and Ogilvy 1977) . The velocity structure of a landslide mass, the depth to the failure surface, and the lateral extent of a landslide are variables that may be estimated using wide-angle seismic reflection. Lateral and vertical changes in velocity, steeply dipping and discontinuous refractors, and diffractions from blocks within the landslide mass are features commonly observed in wide-angle reflection surveys of landslides (Abramson et al. 2002) . In the April of 2014, we carried out an Ocean Bottom Seismometer (OBS) survey in the vicinity of the Yuan-An and Good Weather ridges (Fig. 1) , located not only above a potential deep-seated hydrocarbon reservoir Chen et al. 2018 ) but also a crucial study area for understanding potential geohazards (Su et al. 2015 . The aims of this study are to utilize four-component OBS data to determine local two-dimensional (2D) P-and S-wave velocity models of the wide-angle reflection profile and to characterize the lithology in the subsurface.
GeOlOGICAl SeTTInG
Offshore of southwestern Taiwan is an area where the Manila subduction system transforms into an incipient are-continent collision system from south to north (Fig. 1) . The prominent morphological features are a series of northsouth-trending ridges and troughs (Fig. 1) . Two tectonic provinces, the passive China continental margin province and the active accretionary wedge province, are separated by a deformation front (Liu et al. 1997 . Camerlenghi et al. (2010) reviewed the important observation that large landslides are common along seismically inactive Mediterranean continental margins, and that currently fewer large slope failures occur along tectonically active margins (e.g., McAdoo and Watts 2004) than along passive continental margins (e.g., Ten Brink et al. 2006) . The Yung-An Ridge is a structural high located in the active accretionary wedge province of the collision system offshore southwestern Taiwan (Fig. 1) . Morphological and structural characters are ridges formed by west-vergent thrusts and folds, and their associated slope basins. Chuang et al. (2013) obtained the highest iodide concentrations in the three ridges (Tainan, Yung-An, and Good Weather). The depth-integrated anaerobic oxidation of methane and sulfate reduction rates were more comparable and were similar to sites studied in the Black Sea, Sea of Okhotsk, and the Namibian shelf where upward fluid flow is absent (Chuang et al. 2013) . By integrating marine geophysical results together with geological and geochemical information derived from analyzing core samples, Chiu and Liu (2008) suggest that the Yung-An Ridge area may possess three different types of gas hydrate reservoirs. Wide spread occurrence of bottom simulating reflectors (BSRs) observed in the Yung-An Ridge area indicated the presence of gas hydrates and thus sufficient supply of methane and water Hsu et al. 2018b ). Based on the BSR arrival times, sub-bottom depth, and associated heat flow, Schnürle et al. (2006) suggested that the local structure plays an important role in the gas hydrate emplacements. The presence of mud volcanoes both offshore (Chiu et al. 2006; Chen et al. 2018 ) and onshore in Taiwan (Yang et al. 2004) indicates active fluid expulsion in the accretionary wedge. Chemical analyses of the gases from onshore mud volcanoes (Yang et al. 2004) suggested that most of the gas originates from deeper crust. BSRs are widely recognized in this region, with active fluid migration from seismic data and observed from authigenic carbonate deposits and other geochemical evidence on the seafloor (Yang et al. 2006) . Because of these strong hydraterelated signatures, the Yung-An Ridge has been proposed as a high priority drilling site for gas hydrate investigations.
SeISmIC dATA
The Yuan-An survey site lies in a water depth of about 1400 m on the active accretionary wedge southwestern Taiwan. In the April of 2014, a joint OBS wide-angle reflection and refraction and multi-channel seismic (MCS) reflection experiment was conducted offshore southwestern Taiwan. Twenty French IFEMER's OBS were deployed in the vicinity of the Yuan-An and Good Weather ridges (Fig. 2) . One of the French IFEMER's OBS was not recovered during the cruise. The OBSs recorded data at 4 ms sampling interval from a three-component set of 4.5 Hz geophones and a hydrophone. Time drift rate of the recorded seismic data is less than 1 ms per day using a precise clock.
The airgun source consisted of two GIguns, configures at 545 in 3 , which were towed at ~3 m depth and was triggered at a 10 s interval at about 4 knots yielding spaced seismic traces of about 25 m. Airgun firing times on the R/V Research III were determined from the airgun fire command time as measured on a Global Positioning System (GPS) clock. Origin times of the airgun array are believed to be accurate to within a millisecond. Navigation of the R/V Research III was also achieved using a GPS receiver. The airgun shot locations represent locations for the midpoint of the airgun array having been corrected for the offset between the GPS antenna and the airgun array.
We then perform 2D inversion of the reflected and refracted arrivals of the inline shots of this OBS transect. The pre-processing sequence of the OBS records includes OBS relocation and geometry, band-pass filter, spiking-predictive deconvolution (the operator is mixed along 5 adjacent traces), time-offset variant gain, and a low-cut band-pass filter in order to enhance the reflected arrivals. The in-line multichannel seismic profile MCS1073B, depth migrated with a constant 1480 m s -1 acoustic velocity above the sea-floor and a vertical velocity gradient of about 0.8 m s -1 below, is used to generate the initial model. To obtain the accurate location of an OBS on the seafloor, we applied an inversion algorithm (West 2001) which uses the travel time of the direct arrival, a water velocity profile, an initial assumed water depth for the OBS and an initial location based on sea-surface deployment and recovery positions. We also assumed that the clock time drift is small and linear over the period of airgun operation. Derivatives of the travel-time misfits with respect to changes in location and timing can then be inverted to find the best−fit OBS location and clock corrections.
In addition to the sea-floor, BSR and first-arrivals, we also pick 2 reflectors, PS1 and PS2 within the sediments above the BSR (Figs. 3 and 4) . Ray tracing of acoustic as well as converted wave arrivals is performed with the 2-D Rayinvr software, developed by Zelt and Smith (1992) . The velocity model is layer based, with coordinal nodes extracted from the digitized horizons and sampled every 100 m, and velocity nodes sampled every 400 m. For each OBS, we then performed ray tracing of the refracted acoustic waves and the reflections arising at the initial model's interfaces. These modeled arrivals are then used to identify their observed time on the OBS records. A damped least-square to the linearized inverse problem (Zelt and Smith 1992) , using the partial derivatives of the travel times with respect to the model parameters and the travel time residuals is used to invert the acoustic velocities on the OBS transect. We perform iterations in a layer-stripping approach: bottom velocities at the base of layer 1 to sedimentary layers below BSR are inverted with a smooth damped least square. The RMS travel-time misfits (in milliseconds)/normalized chi-squares for each layer are shown in Table 1 .
VelOCITY AnAlYSIS
To aid the identification and picking of arrivals, the OBS record traces were time shifted to flatten the direct water arrival to arrive at about the same time for all shot offsets. The water velocity and the theorectical travel time were manually adjusted to make the arrival time as constant as possible for all offsets (Fig. 3) .
P-Wave data evaluation
The first arrivals, BSR and P1 and P2 arrivals were picked in hydrophone and vertical components of OBS data across the whole survey area (Fig. 3) . The travel times of BSR picked from multi-channel seismic profiles were also used. Since BSR picks are densely distributed in the central region of our study area, the velocity model between the sea floor and the BSR is considered resolved well where the depth of BSR is well constrained. Pick uncertainties ranged from 4 -30 ms for the OBS data depending on signal-tonoise ratio.
PS-Converted Wave data evaluation
P-S converted waves are generally easy to identify because they form almost flat arrivals approximately to the water arrivals (Fig. 4) . Westbrook et al. (2008) demonstrated that the only large-amplitude P-S conversions are for P-waves entering the sediments and being converted to S-waves on reflection from interfaces within the sediments and from the BSR based on synthetic modeling. To simplify the process and reduce uncertainty, we chose to use only converted waves from boundaries with large changes in physical property across sediments and BSR (Fig. 4) . Because the ray paths of the upgoing mode-converted S-waves are very nearly vertical, the observed P-S converted waves were picked on the vertical and horizontal components of the seismograms in this study.
Once the best-fitting P-wave model was found, Swave velocities were derived using the optimal Vp model and varying Poisson's ratio for each layer to obtain the bestfit between the calculated and observed travel times using Rayinvr software (Zelt and Smith 1992) . The Vp/Vs ratio is determined by correlating P-wave reflections on the hydrophone and vertical components with PS-wave reflection on the horizontal component that originate from the same interface. A single value of Poisson's ratio for each block was then chosen and varied until rays traced through the model matched the observed traveltimes of the P-S converted waves.
ReSulTS And dISCuSSIOn
We used both the four components of OBS data to obtain the seismic velocities of the sediments by travel-time inversion. A total of 1409, 8614, and 8839 arrival-times are digitized for first arrival, P-wave reflection and PS-converted wave, respectively. The RMS travel time residuals for the P-wave reflection pickings ranged from 0.04 -0.067 s and from 0.08 -0.086 s for the PS-converted wave arrivals (Table 1) . Generally, a good match was obtained between calculated and observed traveltimes. We plot Vp models of study area in vertical slices in Fig. 5 . It shows that the velocity contours in the upper part of sediments below the seafloor in good spatial agreement with stratigraphic reflectors revealed in MCS profiles. Sea floor P-wave velocities are about ~1580 m s -1 , increasing to the BSR, reaching values of ~2030 m s -1 immediately above. Below it, a low velocity layer (1.62 -1.74 km s -1 ) is observed, which indicates the presence free gas in the sedimentary layer. However, the picking of the base of the free gas layer was particularly uncertain, so that these arrivals are not considered in the inversion procedure. Therefore, the blue area about 2.2 km in depth on the western part of Fig. 5a should be artifacts in velocity models as they derived from arrivals with moderate picking errors.
The results for the Vs model of study area are presented in vertical slices as shown also in Fig. 6 . Values of the S-wave velocities of the sea floor are about 300 m s -1 , with a uniform increase with depth through the region of the BSR, reaching values of ~610 m s -1 immediately above. The dominant feature in the S-wave velocity model is a lateral velocity variations under the western flank of the YuanAn ridge above the BSR (Fig. 6) . It is commonly believed that BSRs are resulted from a decrease in the P-wave velocity from high-velocity layer containing gas hydrate to lower-velocity layer containing a small amount of free gas (e.g., Andreassen et al. 1997; Dovorkin et al. 2000; Tinivella and Accaino 2000) . Above the BSR, the solidus phase that fills the clastic matrix creates high P-wave velocities, as well as high S-wave velocities (Figs. 5 and 6 ). Several geophysical studies near the Yuan-An ridge had been carried out for the purpose of gas hydrate exploration, particularly multibeam echosounder, OBS seismic reflection/refraction, and side-scan sonar surveys. Schnürle et al. (2006) utilized three independent methods to determine the acoustic and shear-wave velocities of the sediments and investigate the gas hydrate content through rock physic modeling. Cheng et al. (2006) found westward thrusting high velocity wedges along several east-west OBS profiles and suggested them as a series of thrust faults. Schnürle et al. (2011) estimated fluid and gas migration path and intensity for the southern part of the Yuan-An ridge and found that the maximum fluid and gas transport across BSR should occur below the crest of anticlines. Lin et al. (2018) reported a relatively higher fundamental frequency of about 8 -9 Hz for the more rigid material, such as mud diapir and folding axes. Cheng et al. (2014) estimated gas hydrate saturation by using a modification of Wood's equation and indicated that it varies from 5% at the top ~200 m below the seafloor to 10 -15% of pore space close to the BSR beneath the Yuan-An ridge. This study is different from previous studies in that the main objective of the present study is to examine possible connections between sedimentary slide features and the presence of gas hydrate beneath the Yuan-An ridge off southwestern Taiwan.
Thrust Fault and discontinuous BSR
A series of thrust faults were interpreted on the MCS section (Fig. 7) . The faults seems to extend from seafloor to below the current BSR depth beneath the western flank of the Yuan-An ridge. Significant lateral velocity variations are evidenced beneath the area between OBS9 and OBS11 in the hydrate-bearing layer (Fig. 5a ). At the western flank, landslide deposit and a large seafloor scarp were observed but the feature of fault cuts through the seafloor is not apparent (Fig. 7) . A discontinuous BSR is visible on the MCS seismic section beneath the crest of the Yuan-An ridge. The reflector packages referred to as BSRa are disrupted by these thrust faults (Fig. 7) . These anomalous BSR reflections are significantly shallower than the theoretical BSR. The origin of these thrust faults might be associated with stresses in the central uplift region of the Yuan-An ridge, parallel to the ridge orientation and generally perpendicular to the direction of compression produced by ongoing collision. The probable cause for the discontinuous BSR beneath the crest of the Yuan-An ridge is localized fluid flow along these faults. If fluid flow is increased by migration of fluids along those faults, it is possible that the associated increase in heat flow (Chen et al. 2012) , and upward migration of the base of methane hydrate stability zone (Chen et al. 2014; Liao et al. 2014) , would release methane as to migrate upward and contribute to increasing the concentration of methane hydrate at shallow depth. It is evidence that such an increase of thermal gradient and speculated fluid flow, with faults thrust to the seafloor, have been resulted rough seafloor characters or water column gas flares (Chen et al. 2010) . Several of these faults appear to be active since they offset the seafloor near the Yuan-An ridge (Lin et al. 2009 ), and any further displacement associated with uplift and extension could potentially trigger failures in the study area. However, the interpreted thrust faults and abnormal BSR can be challenged by other scientists. It's suggested to use high resolution bathymetry data or subbottom profiles to help the interpretation of those observations.
S-Wave Velocity and Safety Factor
We know that direct S-wave recording is not possible in offshore areas, S-wave velocities were derived from Poisson's ratios. A continuous monitoring of S-wave velocity can warn of impending slope hazard and the overall scope of geotechnical risk assessment (Qureshi et al. 2013) . Collett et al. (2009) suggested that many of the encountered drilling hazards were not gas hydrate-related. Issues such as borehole instability, influxes of free gas, drill cuttings removal, and shallow water flow were among the problems faced during an expeditions (Birchwood and Noeth 2012) . Drilling-induced compressive rock failure leading to breakouts occurs where the maximum hoop stress is higher than the rock strength (Zoback 2007) . Therefore, a big challenge during the drilling campaign was to get optimal data quality by maintaining borehole stability in shallow unconsolidated sediments. The instability of submarine slopes may vary significantly with the extent of the slope and the complexity of the bathymetry. Several studies indicated that the direct values of the internal friction angle and S-wave velocity for marine sediments can be used to develop the relationship between safety factor and S-wave velocity (e.g., Ohta and Goto 1978; Lee 1990; Hasancebi and Ulusay 2006) . Based on the Vs model obtained in this study, Hsu et al. (2018a) calculated the safety factors of slope stability along the seismic profile and found that just to the western flank the Yuan-An Ridge attains a minimum value. The prominent landslide deposit found on the western flank of the Yuan-An ridge indicating the slope failure is apparent (Fig. 7) .
COnCludInG RemARkS
This paper has demonstrated the valuable results from using four-component ocean bottom seismometers on the seabed for measurement of P-and S-wave properties, which provide additional information to assess the marine slope stability at the seabed. We image the P-wave velocity structure of the sediments and thereby estimate S-wave velocities using PS-converted waves collected in an OBS profile across the Yuan-An ridge conducted in 2014. Following conclusions can be reached based on this study: (1) We inverted Vp from a two-dimensional velocity model. Sea floor velocities are about ~1580 m s -1 , increasing to the BSR, reaching values of ~2 km s -1 immediately above. S-wave velocities of the sediments over the entire section range from 0.3 to ~0.6 km s -1 . (2) A series of thrust faults were interpreted and a discontinuous of BSR is visible beneath the crest the Yuan-An ridge on the MCS section. We suggest that the BSR has been disturbed by the thrust faults. (3) Significant lateral velocity variations were found beneath the eastern flank of the Yuan-An ridge which probably represents thrust faults that extends from seafloor to the hydrate-bearing layer. (4) A prominent feature of landslide deposits just to the western flank of the Yuan-An ridge was observed.
